Interest has recently been shown again in colistin because of the increased prevalence of infections caused by multidrug-resistant Gram-negative bacteria. Although the potential for nephrotoxicity is a major dose-limiting factor in colistin use, little is known about the mechanisms that underlie colistin-induced nephrotoxicity. In this study, we focused on an endocytosis receptor, megalin, that is expressed in renal proximal tubules, with the aim of clarifying the role of megalin in the kidney accumulation and nephrotoxicity of colistin. We examined the binding of colistin to megalin by using a vesicle assay. The kidney accumulation, urinary excretion, and concentrations in plasma of colistin in megalin-shedding rats were also evaluated. Furthermore, we examined the effect of megalin ligands and a microtubule-depolymerizing agent on colistin-induced nephrotoxicity. We found that cytochrome c, a typical megalin ligand, inhibited the binding of colistin to megalin competitively. In megalin-shedding rats, renal proximal tubule colistin accumulation was decreased (13.5 ؎ 1.6 and 21.3 ؎ 2.6 g in megalin-shedding and control rats, respectively). Coadministration of colistin and cytochrome c or albumin fragments resulted in a significant decrease in urinary N-acetyl-␤-D-glucosaminidase (NAG) excretion, a marker of renal tubular damage (717.1 ؎ 183.9 mU/day for colistin alone, 500.8 ؎ 102.4 mU/day for cytochrome c with colistin, and 406.7 ؎ 156.7 mU/day for albumin fragments with colistin). Moreover, coadministration of colistin and colchicine, a microtubule-depolymerizing agent, resulted in a significant decrease in urinary NAG excretion. In conclusion, our results indicate that colistin acts as a megalin ligand and that megalin plays a key role in the accumulation in the kidney and nephrotoxicity of colistin. Megalin ligands may be new targets for the prevention of colistininduced nephrotoxicity.
A
ntimicrobial resistance has become a worldwide health care crisis because of the lack of effective treatments and the limited number of antibiotics available for treating potentially lethal pathogens. Infections with multidrug-resistant Gram-negative bacteria have emerged as a major threat to hospitalized patients and have been associated with mortality rates ranging from 30 to 70% (1) (2) (3) (4) (5) .
Colistin, a cationic cyclic polypeptide antibiotic, was discovered in Japan and developed in the 1950s for the treatment of Gram-negative infections. The mode of action of this antibiotic is disruption of the outer membrane of Gram-negative bacteria, resulting in increased cell permeability with subsequent leakage of cell contents, cell lysis, and cell death (6) (7) (8) . Colistin is administered as colistimethate sodium (CMS), a prodrug of colistin, and CMS is considered to have few side effects and is converted to colistin by hydrolysis (9) (10) (11) . Although colistin was being replaced by ␤-lactam and aminoglycoside antibiotics in the 1970s, interest has recently been shown again in colistin because of the increased prevalence of infections caused by multidrug-resistant Gram-negative bacteria, especially in critically ill patients (11) . For patients with severe infections or elderly patients, the potential for colistininduced nephrotoxicity is a major dose-limiting factor. Results of some studies on colistin-induced nephrotoxicity from the viewpoint of pharmacodynamics have been reported (12) (13) (14) ; however, there are few reports on colistin-induced nephrotoxicity from the viewpoint of pharmacokinetics.
Megalin, which is encoded by a member of the low-density lipoprotein receptor gene family, is a giant membrane glycoprotein of 600 kDa and is highly expressed on the luminal surface of renal proximal tubules (15, 16) . Megalin functions as an endocytic receptor and plays a role in the internalization of its ligands. Li- gands that bind to megalin represent a variety of classes, including aminoglycosides, albumin, aprotinin, and cytochrome c (17) (18) (19) (20) . It has been reported that polymyxin B, which is structurally similar to colistin, inhibited the binding of plasminogen activator inhibitor type 1 (PAI-1) to megalin (21) . Since megalin is present in the renal proximal tubule, it is possible that megalin plays a role in the renal handling of colistin. In the present study, we focused on megalin and aimed to determine whether megalin is relevant to the kidney accumulation and nephrotoxicity of colistin.
MATERIALS AND METHODS

Chemicals and reagents.
Colistin sulfate, 9-fluorenylmethyl chloroformate, and equine heart cytochrome c were purchased from Sigma (St. Louis, MO). Netilmicin and colchicine were purchased from Wako (Osaka, Japan). Maleic acid was purchased from Nacalai Tesque (Kyoto, Japan). Anti-megalin antibody was purchased from Abcam Inc. (Cambridge, MA). All other chemicals were commercially available and of the highest purity possible.
Animals. Male Wistar rats, aged 6 weeks, were obtained from Jla (Tokyo, Japan). The rats were housed for 1 to 2 weeks at 23°C and 60% Ϯ 10% relative humidity with a 12-h light-dark cycle (until they reached a weight of 270 to 330 g). During the period of acclimatization, the rats had free access to food and water. The experimental protocols were reviewed and approved by the Hokkaido University Animal Care Committee in accordance with the Guide for the Care and Use of Laboratory Animals.
Western blotting. Megalin expression was examined as described in a previous report, with some modifications (22) . Total protein extracts were prepared from the right kidney cortex. The cortex was homogenized in a lysis buffer (1.0% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 4.5 M urea). The homogenate was sonicated for 10 s at 4°C and centrifuged at 4,000 ϫ g for 1 min at 4°C. The samples were then separated by 6% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes (Bio-Rad, Tokyo, Japan) by semidry electroblotting at 25 V for 120 min. The membranes were blocked with a mixture of 1% bovine serum albumin and 1% nonfat dry milk in phosphate-buffered saline (PBS) containing 0.5% Tween 20 (PBS/T) for 1 h. After being washed with PBS/T, the membranes were incubated overnight with a primary antibody specific for megalin. After being washed five times with PBS/T for 10 min each time, the membranes were incubated for 1 h with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody. After being washed five times with PBS/T for 10 min each time, the bound antibody was detected on X-ray film by enhanced chemiluminescence. The relative amounts of bands in each lane were determined densitometrically by using Scion Image.
Binding assay. Brush border membrane vesicles (BBMVs) were prepared as described by Biber et al. (23) and stored at Ϫ80°C until use. BBMVs (100 g) were suspended in a buffer consisting of 300 mM mannitol and 10 mM HEPES adjusted to pH 7.5 with KOH (buffer A). The reaction was initiated by the addition of buffer A containing 0.1, 0.5, 1, 5, 10, or 100 M colistin without or with 1 mM cytochrome c to the membrane suspension at 4°C. After 60 min, incubation was stopped by diluting the reaction mixture with 1 ml of ice-cold buffer A. The contents of the tube were immediately poured onto Millipore filters (HAWP, 0.45 m, 2.5-cm diameter), and then the filters were washed once with 5 ml of ice-cold buffer A. The amount of bound colistin was measured by highperformance liquid chromatography (HPLC) as previously described (24, 25) , and the values of the dissociation constant (K d ) and the maximum amounts of binding (B max ) were estimated from Scatchard plots.
Pharmacokinetic studies with rats. To induce megalin shedding from the renal brush border membrane, rats were given sodium maleate (400 mg/kg, pH 7.4) by intraperitoneal (i.p.) injection (26) . Rats injected with the same volume of saline were used as controls. Subsequently, the animals were anesthetized with sodium pentobarbital (30 mg/kg of body weight, i.p. injection), and the femoral artery and vein were cannulated with polyethylene tubing for blood sampling and drug administration, respectively. The urinary bladder was cannulated to collect urine samples. At 2.75 h after maleate injection, colistin (0.5 mg/kg) was administered as a bolus via the femoral vein. Blood samples were collected from the femoral artery at 5, 15, 30, 45, 60, 90, 120, and 180 min after the injection of colistin. At 180 min after the administration of colistin, the kidneys were excised. The excised kidneys were gently washed, weighed, and homogenized in saline. The amounts of colistin in the blood, urine, and kidney homogenate were measured by HPLC (24, 25) .
Effects of megalin ligands on colistin-induced nephrotoxicity and colistin excretion in urine. Rats were injected intravenously with saline (control), 1.0 mg/kg colistin alone, 1.0 mg/kg colistin with 100 mg/kg cytochrome c, or 1.0 mg/kg colistin with 50 mg of albumin fragments (FRALB). FRALB with molecular masses of less than 50 kDa were prepared as described by Vegt et al. (27) . The rats were then housed in metabolic cages to collect urine for 24 h with free access to water. N-Acetyl-␤-D-glucosaminidase (NAG) in the urine was selected to evaluate nephrotoxicity (17, 28) and was measured with a commercially available kit (Shionogi and Co., Osaka, Japan).
Effects of colchicine on colistin-induced nephrotoxicity. Colchicine treatment for megalin internalization from the brush border membrane into intracellular vesicles was carried out as described previously (29) . Rats were injected intravenously with 1.0 mg/kg colistin alone or 1.0 mg/kg colistin after the injection of colchicine (3.5 mg/kg, i.p.). Rats were then housed in metabolic cages with free access to water to collect urine for 24 h. NAG in the urine was measured.
Pharmacokinetic analysis. A conventional one-compartment model was used to analyze the plasma concentration-time profile of colistin after intravenous administration to rats. The parameters total body clearance (CL tot ), volume of distribution (V d ), and half-life (t 1/2 ) were calculated by the nonlinear least-squares method. Renal clearance (CL R ) was calculated by dividing the amount of colistin eliminated in urine in 180 min by the area under plasma concentration-time curve for 180 min (AUC 0-180 ), which was calculated by using the linear trapezoidal rule. Nonrenal clearance (CL NR ) was obtained by subtracting the CL R from the CL tot .
Statistical analysis. Values are expressed as means Ϯ standard deviations (SD). The statistical significance of differences between mean values was analyzed with the nonpaired t test. Multiple comparisons were performed by using Scheffé's test following analysis of variance. Differences were considered significant at a P value of Ͻ0.05.
RESULTS
Binding assay. First, we examined whether colistin binds to megalin. Figure 1 shows the inhibitory effect of a megalin ligand, cyto- 
Effect of megalin shedding on colistin pharmacokinetics. It has been reported that maleate in rats induces megalin shedding from the brush border membrane in renal proximal tubule cells and increases the urinary excretion of megalin (26, 30) . Using this model, we examined the contribution of megalin to colistin pharmacokinetics. As the first step, we confirmed a decrease in megalin in renal proximal tubules caused by the administration of maleate by using Western blot analysis (Fig. 2) . We then examined the pharmacokinetics of colistin in control and maleate-treated rats. The amount of colistin that accumulated in the kidneys of megalin-shedding rats was significantly smaller than that in control rats (13.5 Ϯ 1.6 and 21.3 Ϯ 2.6 g in megalin-shedding and control rats, respectively, Fig. 3 ), and the cumulative amount of colistin in urine was significantly larger in megalin-shedding rats (3.4 Ϯ 0.5 and 0.7 Ϯ 0.3 g in megalin-shedding and control rats, respectively, Fig. 4 ). Figure 5 shows that there was no difference between the plasma colistin concentrations of megalin-shedding and control rats. The pharmacokinetic parameters of colistin are summarized in Table 1 . CL tot , t 1/2 , and V d were not affected by maleate treatment. CL R was significantly increased in megalin-shedding rats (0.070 Ϯ 0.015 and 0.016 Ϯ 0.007 ml/min in megalin-shedding and control rats, respectively); however, CL NR was not altered.
Effects of megalin ligands on colistin-induced nephrotoxicity and colistin excretion in urine. To reveal the effect of megalin on the nephrotoxicity of colistin, we examined the effects of megalin ligands on colistin-induced nephrotoxicity. In rats injected intravenously with 1.0 mg/kg colistin, the 24-h urinary NAG excretion was three times as high as that in control rats (717.1 Ϯ 183.9
FIG 4
Cumulative amounts of colistin in the urine of megalin-shedding rats.
The urinary bladders of rats were cannulated, and urine samples were collected at 60, 120, and 180 min after the administration of colistin. Open circles represent control rats, and solid circles represent megalin-shedding rats. Each point represents the mean and SD of four measurements. *, P Ͻ 0.05; **, P Ͻ 0.01 (versus the control). (400 mg/kg) or saline (normal), colistin (0.5 mg/kg) was injected intravenously. Kidneys were collected at 180 min after the administration of colistin. Colistin contents in the kidneys (A) were examined by HPLC, and kidney colistin concentrations (B) were calculated by using kidney weight. Each column represents the mean and SD of four measurements. *, P Ͻ 0.05 (versus the control). and 269.2 Ϯ 40.5 mU/day for colistin alone and the control, respectively, Fig. 6 ). Coadministration of colistin and a megalin ligand, cytochrome c or FRALB, resulted in a significant decrease in urinary NAG excretion (500.8 Ϯ 102.4 and 406.7 Ϯ 156.7 mU/day for cytochrome c with colistin and FRALB with colistin, respectively). The administration of cytochrome c or FRALB alone did not affect the urinary excretion of NAG (97.4% Ϯ 43.8% and 94.2% Ϯ 27.7% of the control for cytochrome c and FRALB, respectively). Also, urinary colistin excretion was higher in the cytochrome c-treated (6.2 Ϯ 2.3 g/day) and FRALB-treated (5.4 Ϯ 0.9 g/day) groups than in the colistin-alone group (3.7 Ϯ 1.4 g/day) (Fig. 7) .
Effect of colchicine on colistin-induced nephrotoxicity and colistin excretion in urine. We examined the effect of colchicine, a microtubule-depolymerizing agent, on colistin-induced nephrotoxicity. Coadministration of colistin and colchicine resulted in a significant decrease in urinary NAG excretion (717.1 Ϯ 183.9 and 362.4 Ϯ 126.7 mU/day for colistin alone and colchicine with colistin, respectively) (Fig. 8) .
DISCUSSION
Polymyxin B, which is structurally similar to colistin, is known to inhibit the binding of PAI-1 to megalin (21) . However, it is not known whether polymyxins behave as megalin ligands or not. We therefore examined the binding of colistin to megalin by using a vesicle assay. In the presence of cytochrome c, the amount of colistin that bound to megalin was decreased. B max values did not change with or without cytochrome c (Fig. 1) . These results suggest that cytochrome c inhibits the binding of colistin to megalin competitively and that colistin acts as a megalin ligand.
Megalin is expressed in the renal proximal tubule epithelium (15, 16, 21) and is involved in the binding and endocytosis of polybasic drugs such as aminoglycosides and aprotinin in the renal brush border membrane (17) (18) (19) (20) . To test whether megalin shedding increases the CL R but not the CL NR of colistin, the effect of megalin shedding caused by maleate treatment on the pharmacokinetics of colistin was examined. As expected, in megalinshedding rats, kidney colistin accumulation was lower (Fig. 3) and the cumulative amount of colistin in a 3-h urine sample was larger than that in control rats (Fig. 4) . These results suggest that colistin after glomerular filtration is taken up by proximal tubule cells via megalin. However, megalin shedding did not affect the plasma colistin concentration or colistin pharmacokinetic parameters, except for CL R (Fig. 5 and Table 1 ). It has been reported that the CL R of colistin is far lower than the expected CL R by glomerular filtration (2.3 ml/min/kg), which is calculated as the unbound fraction of colistin (0.44) and the glomerular filtration rate in rats (5.2 ml/min/kg) (31, 32) . In our results, although the CL R of colis- tin in maleate-treated rats was 4-fold higher than that in control rats (Table 1) , renal tubular reabsorption of colistin via megalin does not account for the considerable extensive reabsorption seen. Therefore, megalin has an important role in colistin accumulation in the kidney but not in the CL NR . These results provide the first evidence of colistin accumulation mediated by megalin. Although colistin has become the "savior" of patients with multidrug-resistant Gram-negative infections, the potential for nephrotoxicity is a major dose-limiting factor (6) (7) (8) 11) . It has been reported that antioxidant compounds such as melatonin and N-acetylcysteine prevent colistin-induced nephrotoxicity (12) (13) (14) . However, there has been no nephrotoxicity study from the point of view of pharmacokinetics. We focused on the renal disposition of colistin and examined the coadministration of colistin and megalin ligands. First, we examined tail vein injection of 1.0 mg/kg colistin alone and confirmed colistin-induced nephrotoxicity (Fig. 6) . We then found that coadministration of colistin with cytochrome c and FRALB significantly decreased 24-h urinary NAG excretion by 70 and 56%, respectively (Fig. 6) . Although it is possible that these megalin ligands affect the plasma colistin concentration, these results were due to competitive renal colistin uptake because of the increase in the 24-h urinary excretion of colistin (Fig. 7) . It is known that megalin depends on microtubules in recycling, and colchicine, the inhibitor of microtubule polymerization, has megalin internalized (29, 33) . We examined the effect of colchicine, a microtubule-depolymerizing agent, on colistin-induced nephrotoxicity and found that coadministration of colistin and colchicine resulted in a significant decrease in urinary NAG excretion (Fig. 8) . These results support the speculation regarding the mechanism of colistin accumulation in the kidney. In our experiments, we could not completely inhibit colistin uptake into the kidney by using megalin inhibitors. It has been reported that organic cation/carnitine transporter 1 (OCTN1) partially mediates colistin reabsorption after glomerular filtration (32) , but whether OCTN1 contributes to colistin nephrotoxicity is unknown. Anyway, we reveal for the first time that nephrotoxicity of colistin is related to megalin. Inhibition of the binding of colistin to megalin may be a new preventive measure against colistininduced nephrotoxicity, or a novel colistin derivative that is not recognized by megalin may have less nephrotoxicity.
Conclusion. We showed that colistin behaves as a megalin ligand in vitro. Results obtained by using in vivo megalin-shedding model rats suggest that megalin plays an important role in colistin accumulation in the kidney. The results also indicate that megalin is involved in the nephrotoxicity of colistin and that inhibition of the binding of colistin to megalin may be a new preventive measure against nephrotoxicity. Our study provides fundamental information about the appropriate use of colistin.
